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Abstract. We study baryon pair production in two-photon collisions, 77 — > BB, within perturbative quan- 
tum chromodynamics, treating baryons as quark-diquark systems. We extend previous work within the 
same approach by treating constituent-mass effects systematically by means of an expansion in the small 
parameter (mass/photon energy). Our approach enables us to give a consistent description of the cross 
sections for all octet baryon channels. Adopting the model parameters from foregoing work, we are able 
to reproduce the most recent large-momentum-transfer data from LEP for the pp, AA, and E^E'^ chan- 
nels in a quite satisfactory way. We also briefly address the crossed process for the proton channel, 7p — *■ 7p. 
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1 Introduction 

Theoretical analyses of exclusive reactions in quantum 
chromodynamics (QCD), where intact hadrons appear in 
the initial and final states, are of great importance for 
a better understanding of the mechanism of confinement 
and of the dynamics of hadronic bound states. Although 
much progress has been made in the theoretical under- 
standing within frameworks based on perturbation theory 
||l|,|[|^, there still remain many open problems. It is a 
matter of ongoing discussion whether the currently exper- 
imentally accessible energies are high enough such that 
the perturbative treatment becomes applicable |^. As a 
possible way to model non-perturbative effects which do 
not seem to be fully separated from perturbatively cal- 
culable contributions at intermediately large momentum 
transfers, the introduction of diquarks has been proposed 
in . In a series of papers this effective model has been de- 
veloped further and successfully applied to a variety of ex- 
clusive reactions §,0,|,|,|l^,y,|l|,ll|,|l|,|5|. In this work 
we continue the investigations within the diquark model 
and consider exclusive two-photon reactions. 

The theoretical description of exclusive reactions with- 
in perturbation theory is based on the ideas of Brodsky 
and Lepage ||l|,|l^, and Efremov and Radyushkin |p^ . 
Within this so-called hard scattering picture (HSP), an 
exclusive reaction amplitude can be written as a convolu- 
tion of process-dependent, perturbatively calculable, hard- 
scattering amplitudes with process-independent probabil- 
ity amplitudes for finding the pertinent valence Fock states 
in the scattering hadrons. The latter are non-perturbative 



quantities, but their dependence on the momentum-trans- 
fer can be determined perturbatively. Their extraction 
from experimental observations is challenged by the fact 
that they enter only integrated quantities, such as form 
factors. However, their shape can be constrained with the 
help of QCD sum rules, lattice QCD and other non-pertur- 
bative methods. These studies seem to indicate that the 
distribution of longitudinal momentum fractions among 
the valence quarks in a nucleon is quite asymmetric for 
finite momentum transfers. This can be interpreted as ev- 
idence for binding effects between two quarks in a nucleon 
and motivates the introduction of diquarks |||,|l^. Com- 
prehensive reviews of the HSP are given, for example, in 

The HSP as presented above is exactly valid only for 



asymptotically large momentum transfers, Q 



, where 



long- and short-distance effects are completely incoherent. 
However, as already mentioned above, experimental ob- 
servations seem to indicate that this separation is not yet 
achieved at presently accessible momentum transfers of a 
few GeV. Thus a perturbative calculation of the short dis- 
tance contributions may not be completely self-consistent. 

Inspired by the aforementioned correlations observed 
in hadronic wave functions, a quark-diquark model was 
developed in Q to parameterize possible non-perturbative 
effects within a perturbative framework. Within this model 
which is based on the HSP, baryons are treated as quark- 
diquark systems. The composite nature of the diquarks is 
taken into account by diquark form factors which are pa- 
rameterized such that asymptotically the scaling behavior 
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of the pure quark HSP emerges. The possibility of the 
reformulation of the pure quark HSP in terms of quark 
and diquark degrees of freedom has been demonstrated in 
||l9,E0l. In earlier studies of two-photon annihilation into 



baryons, 77 
baryons, 7-B 




and of Compton scattering off 
, ri|, all quark masses have been ne- 
glected, while masses for diquarks were introduced as ad- 
ditional parameters. In recent studies within the diquark 
model ll^,^,^ a different strategy was adopted to treat 
mass effects more consistently without introducing new 
mass parameters for the hadronic constituents. In the fol- 
lowing we will reconsider the two-photon reactions with 
this improved treatment of mass effects. 

We start by introducing the necessary ingredients of 
the diquark model for the reaction 77 BB. While we 
try to keep the present discussion as self-contained as pos- 
sible, we omit certain details of the model which can be 
found, for example, in |l4[ . We explain our choice of quark 
and diquark distribution amplitudes (DAs) , an d ou r treat- 

' , respec- 



and 2.2 



ment of constituent masses in Sections 2.1 
tively. Having collected all ingredients of the model, we list 
our analytical results for the hard scattering amplitudes 
for the two-photon annihilation process in Section 2.2. In 
Section ^ we present the numerical results for this reac- 
tion, compare to existing data for the proton-antiproton, 
A A, and S^E^ channels, and give predictions for other 
final states. We then go on and briefly comment on the 
crossed reaction, specifically Compton scattering off pro- 
tons. Section [s] ends the discussion with a summary and 
some concluding remarks. 



2 The 77 BB amplitude 

As stated in the introduction, within the HSP an exclu- 
sive scattering amplitude can be written as a convolution 
integral of a hard-scattering amplitude with distribution 
amplitudes, describing the longitudinal momentum distri- 
bution of valence quarks in the participating hadrons. In 
the diquark model a baryon is considered as consisting of 
a quark and a diquark. The diquark is treated as a quasi- 
elementary constituent which may survive medium hard 
collisions. 

Within this framework, we obtain the following convo- 
lution integral for the 77 — > BB amplitude: 



M{x} {s,i) = j dxij dyi<I'l{xi)^l{yi) 


X T[x} {xi,yi;s,i) , (1) 

where we have suppressed Lorentz and color indices in 
the convolution integral. Here T is the process-dependent 
hard-scattering amplitude for producing a quark-antiquark 
and a diquark- antidiquark pair in a two-photon collision. 
In the notation used above, the quark and the antiquark 
carry momentum fractions xi in the baryon, and yi in the 
antibaryon, while the diquark and antidiquark carry mo- 
mentum fractions X2 = l — xi and 7/2 — respectively 



(0 < Xi, yi < 1). T consists of all possible tree diagrams 
contributing to the elementary scattering process 77 — > 
qDqD, where the momenta of all constituents (quarks 
q and diquarks D) are coUinear to those of their par- 
ent hadrons. The distribution amplitudes are process- 
independent probability amplitudes for finding the perti- 
nent valence Fock states in the baryon B with the con- 
stituents carrying the longitudinal momentum fractions 
Xi, yi of the parent baryon and being coUinear up to the 
(factorization) scale . In (^ we have already neglected 
the (logarithmic) p_L dependence, since this dependence 
is only of minor importance in the restricted kinematic 
range of intermediately large momentum transfer we are 
considering in this work. For convenience, we use massless 
Mandelstam variables s, t, and u, rather than the usual 
(massive) ones, s, t, and u. The subscript {A} denotes all 
possible configurations of photon and baryon helicities. 

For the process 77 — > BB, there are six indepen- 
dent complex helicity amplitudes A^Ag, As; Ai, A2 ; where 
the Ai, i = 1,2 label the helicities of the incoming pho- 
tons, and \b, are the helicities of the baryon and an- 
tibaryon, respectively. Following the conventions in [ pl| , 
we express our observables in terms of the following am- 
plitudes: 
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The remaining helicity configurations are related to these 
via parity and time reversal invariance. We normalize these 
helicity amplitudes such that the differential cross section 
for two-photon annihilation into a baryon-antibaryon pair 
is given by 



da 
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327rs2 













h2|03| 



104^ 



10/ 



106^ 



(3) 



Within the HSP constituent masses are usually ne- 
glected. We relate constituent masses to the pertinent 
baryon mass when calculating the hard-scattering ampli- 
tude. By a subsequent expansion in powers of (rns/Vs), 
where niB denotes the baryon mass, we obtain the lead- 
ing mass-correction terms. We will elaborate more on our 
treatment of mass effects in Section 2.2. 



2.1 Baryons as quark-diquark systems 

In the ground state diquarks have positive parity and ei- 
ther spin (scalar diquarks S) or spin 1 (vector diquarks 
V). Because vector diquarks are mainly responsible for 
spin flips they are essential to describe spin effects. 
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Neglecting transverse momentum, we can write the 
baryon wave function in a covariant way so that only bary- 
onic quantities (momentum ps, helicity A, baryon mass 
ms) appear. For the lowest-lying baryon octet, assuming 
zero relative orbital angular momentum between quark 
and diquark, the wave function (already integrated over 
transverse momenta) can be written as 



A) 



7 



Pb 1 ( 

75 U[pB 

■niB 



(4) 
A). 



Here the x£ are SU(3) quark-diquark flavor wave func- 
tions, and the two functions S's and 'I'v, for scalar and 
vector diquarks, respectively, represent the nonperturba- 
tive probability amplitudes for finding these constituents 
in the baryon. The notation in Eq. (0) is slightly sloppy, 
the open index in the vector part of the wave function 
corresponds to the Lorentz index of the V-diquark po- 
larization vector and is contracted appropriately in the 
convolution integral, Eq. (|^). The constants may be 
interpreted as baryon decay constants. The wave function 
for antibaryons is given by 



{x)xs viPB^) 



1 



PS_ 



(5) 

15v{pbA), 



where we have used charge conjugation v{p, A) 
u*{p,X). 

In the following we will use a quark-diquark distribu- 
tion amplitude of the form 122] 



X)^{1 + CiX + C2X^) 

exp <^ -6^ _~ 




(6) 



where Ci = for scalar diquarks. This DA for octet baryons 
B has been successfully used in previous applications of 
the diquark-model |,|,|lO[|ll|,|l|,0|l|,|l|. It is an adap- 
tation of a meson DA, obtained by transforming a har- 
monic oscillator wave function to the light cone. There- 
fore, the masses appearing in the exponent are constituent 
masses. The oscillator parameter b is fixed by the require- 
ment that the mean intrinsic transverse momentum of 
quarks inside the baryon B is \/Jk^ ~ 600 MeV. This 
value was found experimentally by the EMC collaboration 
in semi- inclusive deep inelastic ^p scattering |23|] . Theoret- 
ical considerations also indicate a value of this magnitude 
p^ . Furthermore, the exponent suppresses contributions 
from the endpoint regions x — > 0, 1 in the convolution inte- 
gral (0). Endpoint-damping Sudakov-type exponents gen- 
erally arise when resumming corrections from soft gluon 
radiation [^|2^. The exponent in (H) could be interpreted 
as simulating this Sudakov suppression effect in the end- 
point region. The normalization constant in Eq. (^ 
is fixed by the requirement that 



^D{.x)dx = 1. 



(7) 



Table 1. SU(3) quark-diquark flavor wave functions for the 
lowest lying baryon octet 



p 

Xq = 




/V. V 




Xs = 




Xv-- 


- "75 [dV{u,d} - V2uVid,d}] 


i:+ 
Xs = 




Xv 




s" 
Xs = 




yO 

Xv 


-uV{d,s}] 


xF- 


- dSia,3] 


xF 


= -7f [dVid^s] - V2sV^d,d}] 


X^ = 


[w'S'[ti,si ~ dS[u,s] 
—2sS[u,d]] 


x^)= 




^0 

Xs = 




Xv 




Xs = 


= sS[d,a] 


Xv 


= -71 [sVid,s} - V2dVis,s}] 



The SU(3) quark-diquark flavor wave functions Xs for 
the lowest-lying baryon octet are listed in Table |l]. In (^) 
(and (|^)) we have omitted the color part of the quark- 
diquark wave function, which is given by 



Dior 



3 



qD 



^ a—1 



(8) 



since diquarks are in a color antitriplet state because bary- 
ons are color singlets. 

The hard-scattering amplitudes are calculated pertur- 
batively with point-like constituents. For sake of complete- 
ness, we list the Feynman rules within the diquark model 
in the Appendix. Vector diquarks are allowed to possess 
an anomalous (chromo)magnetic moment kv, correspond- 
ing to the most general form of the coupling of a spin-1 
gauge boson to a spin-1 particle. The composite nature 
of diquarks is taken into account by diquark form factors. 
These phenomenological vertex functions multiply each n- 
point contribution, that is, those Feynman graphs where 
(n — 2) gauge bosons couple to the diquark. The particular 
choice for space-like 



for 3-point functions and 



+ Q 
Ql 



(9) 



= «5Ff (Q' 



Fir\Q')=ayFl,'\Q^) 



Ql 



(n-3) 



(10) 



for n-point functions (n > 4) ensures that in the limit 
— > 00 the scaling behavior of the diquark model turns 
into that of the pure quark HSP. The factor 5s(y) = 
as{Q'^)|as{Q\^y^) {^s{v) = 1 for < Q^^^^) provides 
the correct powers of as{Q^) for asymptotically large Q^. 
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where Aqcd = 200 MeV, 



We use the one-loop running coupling 

as = 127r/(251n(QV^Qco)), 
and we restrict as to be smaller than 0.5. The ao are 
strength parameters which allow for the possibility of di- 
quark excitation and break-up in intermediate states where 
diquarks can be far off-shell. 

The parameterizations and (|l0|) are only valid for 
space-like Q^. For time- like arguments s we have chosen 
the following prescription: 



Table 2. Parameters of the diquark model 



(3), 



Ql 



fv 



Q 



Q 



,2 \ ("-4) 

^ ^ , n>3. 



(11) 



This choice of diquark form factors guarantees the correct 
asymptotic behavior but leads to unphysical poles. The 
somewhat more complicated form of the vector-diquark 
form factors has been chosen to reduce the power of these 
poles as compared to the straightforward analytical con- 
tinuation —s. To avoid the unphysical poles we keep 
the time-like diquark form factors constant once they have 
reached a certain value, cq, for which we take 1.3. How- 
ever, our results are quite insensitive to the exact value 
of Co, since it only plays a role in the endpoint regions, 
which are suppressed by the diquark wave functions (^. 
We want to emphasize that the continuation of the di- 
quark form factors from space-like to time-like arguments 
is not unique, since the underlying dynamics is unknown. 
Our prescription is the same as the one adopted in Rcf. Q 
for the simultaneous description of 77 — > pp, the electro- 
magnetic proton form factor in the time-like domain, and 
the decay rjc — + pp. The form factors in the time-like re- 
gion are obviously larger than in the space-like region, 
because one is closer to the (unphysical) singularities for 
time-like momentum transfers, s > 0, than for space-like, 
—Q^ = s < 0. Experimental evidence that this parame- 
terization is reasonable is given for example by the larger 
sizes of nucleon form factors in the time- like compared to 
the space-like region, which coincide with predictions from 
the quark-diquark model |9| . 

The complete set of parameters of the quark-diquark 
model is listed in Table ^. We emphasize that the only 
a priori free parameters of the model are the constants 
fn , Ci in the wave function (|^) , the values of , in 
the diquark form factors, and the anomalous magnetic 
moment of the vector diquark ny. The remaining con- 
stants TTig, mjj, and 5^ which appear in the DA are fixed 
by the physical considerations explained above. The ini- 
tially free parameters were fixed in j|] by fitting elastic 
electron-nucleon scattering data, and all subsequent calcu- 
lations within the model have used this set of parameters 
with success. 





= 330 MeV 


mo = 580 MeV, for light quarks 






strange quarks are 150 MeV heavier 




= 0.248 GeV"2 




rB 
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= 73.85 MeV 


f$ = 127.7 MeV 
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= 3.22 GeV^ 


Ql = 1.50 GeV^ 
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= 0.15 


av = 0.05 
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C2 = 0, for scalar diquarks 


Cl = 


= 5.8 


C2 = - 12.5, for vector diquarks 


Kv 


= 1.39 





2.2 Treatment of constituent masses 

Above, we assumed that every baryonic constituent has 
a four-momentum proportional to the four-momentum of 
its parent hadron p6[ |. Therefore, every constituent of a 
baryon B carrying momentum fraction xpB acquires an 
effective mass xms, where m_B is the baryon mass. Since 
the momentum fractions are weighted by the hadron DA 
(^ in the convolution integral, Eq. (|^), the quark and 
diquark constituents carry average masses 



1 



(12) 



(m'g) = ((1 - x)) ms « -TOB- (13) 

We assign the effective masses x ms to the on-shell par- 
tons at the external legs of the Feynman diagrams for the 
calculation of the hard-scattering amplitudes T. To inter- 
nal lines we assign masses according to the momentum 
fractions they carry, following the same argumentation. 
For a detailed explanation of the assignment of masses 
to internal propagators we refer to Ref. [Q. The hard- 
scattering amplitudes are then expanded in powers of the 
small parameter (ttib/V^) up to next-to- leading order, at 
fixed center-of-mass scattering angle 9. The result is reex- 
pressed in terms of massless Mandelstam variables, s, t, 
and ii, which are related to the usual massive ones, s, 
and u, by 



sn2 



t = t 



l + O [imB/V s 
l + o({jnB/^f 



(14) 



1 — cos t 



u^u 1 + {ruB /ysY , M = -2q^ 1 + cos 



with photon center-of-mass momentum q. 

We emphasize that this treatment of constituent masses 
in the hard-scattering amplitude does not require the in- 
troduction of new mass parameters, contrary to the pre- 
scription used in Our mass treatment is consistent 
in the sense, that it preserves U{\) gauge invariance with 
respect to the photon and S't/(3) gauge invariance with 
respect to the gluons. As we will see below, it also pro- 
vides the correct crossing relations between the (hadronic) 
amplitudes for two-photon annihilation into baryons, Eqs. 
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and those for Compton scattering off baryons. More- 
over, by including mass corrections up to 0{mB /V^), not 
only vector diquarks but also quarks can change their he- 
licity. Thus also the quark-scalar diquark state is able to 
contribute to helicity-flip amplitudes. Such contributions 
have been neglected throughout in previous work 



.12|. The inclusion of helicity-flip contributions from 
the quark-scalar diquark system naturally leads to more 
pronounced polarization effects for observables which re- 
quire baryonic helicity flips. 



2.3 The elementary 77 ^ qDqD amplitude 

There are altogether 60 Feynman graphs (30 containing 
S diquarks, 30 with V diquarks) which contribute to the 
elementary hard scattering amplitudes T for 77 — > qDqD. 
T has the general structure 



{A} 



V{A} 



{A} 



^2 rf.{5,D) 



(15) 



where Cq and cd are the electrical charges of quarks and 
diquarks, respectively. Each n-point contribution T^"' is 
found from a separately gauge-invariant set of Feynman 
diagrams and has to be multiplied with the appropriate 
diquark form factors, Eq. (Ill 



{3.D) 
{A} 

(4,-D) 
{A} 

(5,-D) 
{A} 



Ti [xi,yi;t,u) F^' (x2y2S) ; 



^-^^-^^-^^fV((x,j/,+..,i)./2), 



{xx,y\,i,u) F}^' {{xiyx + X2y2)s) , (16) 



where i = 1, ... ,6 labels the helicities according to Eq. 
(|). Above, we factored the gluon propagators gl and g| 
out of the four-point functions: 



5i = X2yiu + xiy2t, 
X2V1 i + xiy2U. 



9l 



(17) 



As we will see below, in Compton scattering off baryons, 
which is related to the above process by s t cross- 
ing, these gluon propagators can go on shell. In this case, 
the poles arising in the convolution integral (^ have to 
be treated with care when performing the integration nu- 
merically. However, in the process 77 BB there are no 
propagator singularities and the convolution integrations 
can be carried out straightforwardly. The explicit expres- 
sions for the amplitudes Tj^"'^'' are listed in Tables ^ and 
^ for scalar and vector diquarks, respectively. Note that 
the diquark form factors (|ll|) provide additional inverse 
powers of s. 

3 Results 



Table 3. Elementary helicity amplitudes for the subprocess 
77 qSqS including mass corrections of OijUB / \fi)- For 
convenience we have chosen t and u as arguments of these 
amplitudes (s = —t — u). 

C = {A-KfCpaa^, 

where Cf = | is the Casimir of the fundamental representation 
of SU(3), and a denotes the fine structure constant a ~ 1/137. 
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In the course of the past decade, large-|t| cross sections for 
77 ~^ PP have been measured by various groups [^7||2^ ,^ . 
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Table 4. Elementary helicity amplitudes for the subprocess 
77 ~^ qVqV including mass corrections of ©(ms/x/i)- The 
5-point functions do not contribute at all for vector diquarks, 
since they are suppressed by 0{{mB /^/S)^) or higher. 



as in Table ^. 
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2 + 3kv VS s xi +yi 
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The diquark- model predictions for integrated (| cos(0)| < 
0.6) as well as differential cross sections are seen to lie well 
within the range of the corresponding data (see Figs. |] 
and H, respectively) . The comparison of the solid and the 
dashed lines shows that the contributions of the mass cor- 
rections which enter via the hadronic helicity-flip ampli- 
tudes <^2, '^4, and 06 are of the same order of magnitude as 
that of the leading-order hadronic helicity conserving am- 
plitudes ^1 and 05 1^. The dashed line corresponds also ap- 
proximately to the results given in Ref. , in which quark 
masses have been neglected completely and the vector- 
diquark mass has been taken as a fixed parameter. In 
contrast to our results, the perturbative predictions of the 




0.001 

3.5 
W [GeV] 

Fig. 1. Integrated cross section for 77 pp (| cos(6)j < 0.6) 
versus W = -^s. The solid line is the complete diquark model 
prediction, the dashed line is the contribution of only helicity 
conserving amplitudes, and 1^5. Data are taken from Refs. 
(CLEO), PI (VENUS), and H (OPAL). 
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Fig. 2. Differential cross section da{'y'y yp] I d\ cos{9)\) at 
W = = 2.8GeV. Data are taken from Refs. Q (CLEO), 
H (VENUS), and Q (OPAL). Solid and dashed lines as in 
Fig. 0. 



pure quark HSP are at least one order of magni- 

tude below the data. 

With the SU(3)-symmetric flavor parts of the quark- 
diquark wave functions given in Tab. and the flavor- 
dependent distribution amplitude, Eq. (p|), we are in the 
position to treat not only pp production, but also the pro- 
duction of other octet-baryon pairs without introducing 
new parameters. For the A and S'^ channels integrated 
cross-section data have been published very recently 

As shown in Fig. || our predictions for the A chan- 
nel agree favorably with the most recent L3 measure- 
ments which are somewhat below the older CLEO data 
points. Comparable good agreement with the L3 data is 
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Fig. 3. Integrated cross section for 77 — » AA (\ cos(^)| < 0.6) 
versus W = ^/s. Data are taken from Refs. |B2| (CLEO) and 
PI (L3). 
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Fig. 5. Diquark model predictions for 77-annihilation into 
baryon-antibaryon pairs. Shown are ratios of integrated cross 
sections (7(77 — > BB)/a{'y'y pp) (|cos(S)| < 0.6) versus 
W = ^/s for neutral baryons. 
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Fig. 4. Integrated cross section for 77 — ^ E'^S'^ (|cos(S)| < 
0.6) versus W — ^/s. Data are taken from Ref. S] (L3). 



also achieved for the E'^ channel (cf. Fig. |^). For the other 
octet-baryon channels we have no experimental informa- 
tion as yet, apart from a statement by the L3 collaboration 
that the AS'^ + S^A cross section is below their present 
detection accuracy. In order to have a guideline we have 
therefore plotted the ratios of integrated BB cross sections 
(|cos(0)| < 0.6) to the pp cross section. These ratios are 
shown in Fig. |^ and Fig. g for neutral and charged baryons, 
respectively. From these figures one observes that it may 
be feasible to measure also other hyperon channels like 
17+17", or since the corresponding cross 

sections are predicted to be of the same size or even larger 
than the AA cross section. Such data could be very useful 
to determine the amount of SU(3) flavor symmetry break- 
ing in the baryon distribution amplitudes. At asymptoti- 
cally large momentum transfers \t\, \u\ — > 00, where the 
diquarks dissolve into quarks the three-quark distribution 
amplitudes of the octet baryons satisfy exact SU(6) spin- 
flavor symmetry. This leads to relations between the vari- 
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Fig. 6. Diquark model predictions for 77-annihilation into 
baryon-antibaryon pairs. Shown are ratios of integrated cross 
sections o-(77 BB)/a{^^ pp) {\cos{9)\ < 0.6) versus 
W = -^s for charged baryons. 



ous production cross sections for flavor octet and decuplet 
baryons SU(3) flavor symmetry, in particular f7-spin 
invariance (which is the symmetry under interchange of d 
and s quarks) alone, implies already that 



(7(77 - 




= a{jj^ S+E-), 


(18) 


cr(77 - 


-> nn) 


= a(77->-"^_"), 


(19) 


ct(77 ~ 




= ct(77 ^-^+). 


(20) 



Two more relations follow from U-spin invariance. These, 
however, assume only a simple form on the amplitude 
level: 



(21) 
(22) 
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These relations hold for each helicity amplitude. At finite 
momentum transfers deviations from SU(3)-flavor sym- 
metry have their origin in the different baryon masses and 
the flavor dependence of the baryon DAs. This is pre- 
cisely the observation which can be made from Figs. ^ 
and ^. The larger the mass difference of the produced 
baryon-antibaryon pair the bigger the violation of SU(3) 
flavor symmetry. The asymptotic SU(6) spin-flavor sym- 
metry gives rise to additional relations between the am- 
plitudes for octet- and decuplet-baryon production |Q . A 
systematic breaking of SU(6) spin-flavor symmetry down 
to SU(3) flavor symmetry is inherent in the diquark model 
and is caused by the assumption of flavor dependent scalar 
and vector-diquark masses, different vertex form factors, 
and different values for fs and fv- This kind of symmetry 
breaking could be investigated by comparing the produc- 
tion of octet and decuplet baryons. 

Very recently, the production of baryon pairs has also 
been investigated within the generalized parton picture 
in ||3^ . The authors of Ref . |^ analyze the handbag con- 
tribution to 77 — *■ BB and obtain an expression for the 
differential 77 — > BB cross section which, after some sim- 
plifying assumptions, contains only one effective s-depen- 
dent form factor. After fixing this form factor by means 
of integrated pp cross-section data, the authors employ 
isospin and f/-spin invariance to give amplitude ratios 
rg — M^^ /M^^ for the other octet baryons B. In this 
way they obtain similar good agreement with the inte- 
grated AA and cross section data as we do. In a 
similar spirit the time-reversed process pp 77 has been 
considered in Ref. [ p6[ . In this paper, however, it has been 
attempted to model directly the time-like double distri- 
butions which describe the transition of the pp to the 
qq pair. For s = 10 GeV^ the authors predict an inte- 
grated cross section (|cos(0)| < 0.7) of 0.25 x lO'^fm^. 
We find a considerably larger cross section, namely 0.14 x 
10""^ fm^, which, however, agrees with the estimate of 
Diehl et al. |35[^. Such predictions may be of interest 
regarding the proposal to build an antiproton storage ring 
at GSI. 



4 The crossed process 7S 

Although the focus of the present work is baryon pair 
production in two-photon collisions, we want to briefly 
comment on the crossed process, Compton scattering off 
baryons. Predictions for real and virtual Compton scat- 
tering off protons have already been given in Ref. p| 
for the current parameterization of the diquark model. In 
the following we will briefly summarize how our improved 
treatment of constituent masses affects the results for real 
Compton scattering. 

Following the common convention pl| ] we denote the 
six independent helicity amplitudes for Compton scatter- 
ing Al^^^ (Xj, j = 1, 2 ... helicities of the incoming 
and outgoing photons, respectively; Ai, A/ . . . helicities of 
the incoming and outgoing baryon, respectively) by 



2 

1 i' 



h = Ml 



(23) 



These amplitudes are related to those for the crossed re- 
action 77 — + BB (see Eq. (||)) via the crossing relations: 




(24) 



where 0j = (j)^ {i,uj and <j)i = (pi {s,u). That is, we ex- 
change s <-> i: (if s occurs as argument of a square root 
it has to be replaced by \t\). The above relations are ex- 
panded up to first order in the baryon mass. 

We have used these crossing relations to check our an- 
alytical expressions for the elementary 77 — > qDqD and 
7gZ) — > "fqD amplitudes which have been calculated sepa- 
rately. Since the explicit calculations agree with the cross- 
ing relations (p^), we refrain from listing the various am- 
plitudes contributing to ^B — > 7_B. They can be read off 
from the expressions for 77 BB listed in Tables || and 
^, with the appropriate replacements s <-><:. A further 
check of our analytical expressions is the comparison in 
the massless limit with the earlier results of Refs. 

The numerical integrations in the convolution integral 
(|l]) deserve special care, since the gluon-propagators ap- 
pearing in the 4-point functions. 



ffi ^ = (X2yiu + xiy2s) \ 
92^ = (X2yis + xiy2uy^, 



(25) 



can go on-shell. The resulting propagator poles have to be 
treated with a principal value prescription. 



g"^ + ie 



P 



1 



(26) 



Ml 1.1 1, 



Here we do not go into the technical details of imple- 
menting this prescription numerically, but rather refer the 
reader to |l4) for further explanation. We only want to em- 
phasize, that our numerical results are absolutely stable 
for both real and imaginary parts. 

As can be seen from Fig. ^ the predictions of the di- 
quark model agree nicely with the few available differen- 
tial cross-section data at intermediately large momentum 
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ergy fc = 4 GeV (IV = ^ = 2.9 GeV) with all (solid Une) 
and only hadronic helicity conserving amplitudes (dashed line) 
taken into account. Data for various photon lab energies are 
taken horn Ref. H 



transfers. According to a recent study it seems to be 
unlikely, on the other hand, that the pure quark HSP is 
able to account for these data. Good results, however, are 
also obtained within the generalized parton picture with 
its dominant contribution being given by the handbag di- 
agram pO|,^. In this case only one parton undergoes 
a hard scattering. The (soft) emission and reabsorption 
of the parton by the hadron is described by generalized 
parton distributions which may be modelled by the over- 
laps of light-cone wave functions, since the change of the 
parton momentum is space-like. It is not surprising that 
our diquark model which is based on the hard-scattering 
picture yields results similar to the soft overlap mecha- 
nism. It indicates that part of the multidimensional over- 
lap integral is absorbed into diquark form factors which, 
in our model, are parameterized phenomcnologically over 
the whole momentum-transfer range. 

There are, nevertheless, qualitative differences between 
the diquark model and the overlap mechanism which ap- 
pear, in particular, in polarization observables. As a rep- 
resentative example let us, e.g., mention the initial state 
helicity correlation All- Whereas the soft overlap yields 
positive values for this spin observable we obtain a 
negative result within the diquark model. This difference 
can be understood easily. The comparison of the solid and 
the dashed lines in Fig. |^ reveals that the (leading or- 
der) hadronic helicity conserving amplitudes 01 and 05 are 
dominant. Mass corrections, which enter via the hadron- 
helicity-flip amplitudes 02, 04, and 06, only start to play 
a role in the backward region. Thus All is roughly given 
by the difference (|0ip — |05l)- Considering the analyt- 
ical expressions for these amplitudes (cf. Tabs. ^ and ^ 
with s ^ t interchanged), specifically the 3-point con- 
tributions, which are actually the most important ones, 
we see that (|0ip - |05p) cx {l/{xly^,) ~ l/{xiyi)){P - 



u^)/(t^s|u|). For our choice of quark-diquark distribution 
amplitudes the average values of the momentum fractions 
are < xi >=< yi >= 1— < X2 1— < X2 >~ 1/3 so 
that one can already conclude that All should be neg- 
ative. This is indeed the result of our numerical calcu- 
lations. These considerations illustrate also why the soft 
overlap mechanism provides a positive All- Within such 
an approach the active quark carries nearly all of the 
baryon momentum {xi,yi « 1) and hence (l/(a;2?/|) — 
l/{xiyi)) becomes positive. By similar qualitative argu- 
ments we expect the spin-transfer parameter Dll to be 
close to 1 and the photon asymmetry S to be close to 0. 
Our numerical calculations confirm these estimates. They 
show in addition that polarization observables are, unlike 
spin averaged quantities, very sensitive to the choice of 
the quark-diquark distribution amplitudes. Experimental 
data for such observables could thus be helpful to deter- 
mine the (phenomenological) quark-diquark distribution 
amplitudes unambiguously. 



5 Final remarks 

In this work we have investigated exclusive two-photon 
reactions at moderately large momentum transfer within 
a quark-diquark model. This approach is a modification 
of the pure quark hard-scattering picture where baryons 
are treated as systems of quarks and diquarks. The work 
continues and extends the systematic study of photon- 
induced exclusive hadronic reactions P,[7|,p|,|9|pT|,p^, p^ , pl| , 

performed within the same approach. The introduction 
of diquarks allows us to extend the range of validity of the 
pure quark HSP down to the kinematic region of a few 
GeV of momentum transfer, as this modelling accounts 
for nonperturbative effects present in this region. This is 
also the kinematic range which is accessible with present- 
day experimental facilities. 

We have extended previous calculations of the two- 
photon reactions 77 BB and 7i3 ^B Refs. [Q 
and j|] have only dealt with the proton channel, Ref. |q| 
has investigated other baryon channels as well, but under 
the simplifying assumption that vector diquarks can be 
neglected compared to scalar ones. In Refs. [^0,^ mass 
effects have been treated in a simplified way, so that the 
crossing relations between the 77 — > BB and the ^B 
"fB channels were only exactly fulfilled for the dominant 
helicity-nonflip amplitudes. In this work we have studied 
all octet baryon channels with an improved treatment of 
mass effects by systematically expanding in the small pa- 
rameter (mass/photon energy). We have performed our 
calculations within the complete diquark model, that is, 
with scalar and vector diquarks. For the two-photon an- 
nihilation mass corrections are found to be sizable. Their 
inclusion considerably improves the agreement of the di- 
quark model predictions with the recent LEP data for 
two-photon annihilation into AA and E^E^. On the other 
hand, mass corrections seem to be of minor importance 
in Compton scattering. It would certainly be desirable to 
obtain experimental baryon pair-production data for hy- 
perons different from A or E^. For E~^, E~ , and S~ we 
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find cross sections of comparable size so tliat one may hope 
that corresponding measurements could be feasible. Such 
data could provide information on the flavor dependence 
of baryon distribution amplitudes, and they could help 
to decide whether the particular scheme of SU{6) spin- 
flavor-symmetry breaking inherent to the diquark model 
is appropriate. 

Finally we want to emphasize that to the best of our 
knowledge the diquark model is, aside from the general- 
ized parton picture, the only constituent-scattering model 
which is able to account for the 77 —^ pp, 77 AA, 
77 — > US, and 7p — > 77? data at intermediately large mo- 
mentum transfer. It is even more remarkable that this is 
achieved with the set of model parameters that provides 
also a reasonable description of other exclusive quantities, 
like electromagnetic nucleon factors [^|9j or photoproduc- 
tion cross sections [^Q. Therefore further applications 
of this effective approach and studies of its underlying 
mechanisms are certainly worthwhile. 



A Feynman Rules 
A.l Three-point vertices 

— SgS-vertex: 



ig3T^.(pi-hp2), 



S7S-vertex: 



VgV-vertex: 



ieoes(pi +P2)a 



V7V-vertex: 

- g^a [(1 + ^v)Pi - '^VP2\i3 

- g/./3 [(1 + I^V)P2 - KvPl]^ j 



A. 2 Four-point vertices 

— 7SgS-vertex: 

— 7S7S-vertex: 

— gSgS-vertex: 



2ieoesg,7;;;g^^ 
2iege|g^, 



— 7VgV-vertex: 

ieoeyg^T^j (2g^^g„^ - g^^g„^ - g^,a?,pu) 



(27) 
(28) 



(29) 



(30) 



(31) 
(32) 
(33) 

(34) 



— 7V7V-vertex: 

- ieoey (2g^^g„^ - g^^g„^ - g^^agpu) (35) 

— gVgV-vertex: 

-ig2 { {T^T''}^^.g^,g„^ (36) 

- [(1 + Kv){T^T%, - nv{T^T%,] g^^g„, 

- [(1 + nv){T^T%, - nv{T-T%] g^„g^,} 

Here eq, eg, ey are the charges of quarks, scalar and vector 
diquarks respectively, eo = v47ra denotes the elementary 
charge with the fine structure constant a ~ 1/137, gs = 
yJAiras is the strong coupling constant of QCD, and T*^ 
represent the Gell-Mann color matrices. 
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